ABSTRACT Index modulated OFDM spread spectrum (OFDM-IM-SS) is a recently proposed scheme, which transmits the additional bits (index bits) through the code domain. In this paper, we propose a novel variant of OFDM-IM-SS, called index modulated OFDM with in-phase/quadrature spread spectrum (OFDM-IM-SS-IQ), to increase the spectrum efficiency of OFDM-IM-SS. In OFDM-IM-SS-IQ, the transmitted symbols are divided into in-phase and quadrature parts, which are combined by the corresponding spreading codes selected by their respective index bits. A low complexity detection algorithm for OFDM-IM-SS-IQ is investigated to relieve the computational complexity of the optimal maximum-likelihood detection. A closed-form of the upper bound on the bit error rate is then derived to evaluate the error performance of OFDM-IM-SS-IQ. In addition, a diversity-enhancing scheme of OFDM-IM-SS, named index modulated OFDM spread spectrum enhancement (OFDM-IM-SS-E), is also designed to achieve a full diversity order. Computer simulation results validate the theoretical analysis and show that OFDM-IM-SS-IQ outperforms the conventional OFDM-IM-SS scheme. They also prove that the proposed OFDM-IM-SS-E obtains full diversity and achieves a better bit error rate performance than OFDM-IM-SS.
I. INTRODUCTION
Index modulation (IM) technique makes good use of the index(es) of transmission media, such as transmit or receive antennas, subcarriers, time slots or linear block codes, to modulate information bits by some mapping rules [1] , [2] . Since the transmission of index(es) produces very little or even no power consumption, IM strikes an attractive tradeoff between the spectral efficiency (SE) and energy efficiency (EE) [3] , [4] , or between the diversity gain and multiplexing gain, which has great potential for green communications in future communication networks.
Spatial modulation (SM) first applies the IM concept into the space domain in [5] and [6] . In SM, the index bits are transmitted via the index of an active antenna (space domain) while the modulated symbol generated by modulation bits is conveyed through the active antenna. Since only a single transmit antenna is activated, SM obtains free inter-channel interference (ICI) and high EE. However, SM leads to a low SE compared to the classic multi-input multi-output (MIMO) system. To overcome this problem, generalized SM (GSM) is proposed to activate multiple transmit antennas [7] . Compared with SM, GSM increases the SE of SM while the computational complexity at the receiver side is also increased. To reduce the detection complexity, many related works are investigated, such as [8] - [10] . On the other hand, different from SM or GSM, which utilizes the index(es) of transmit antennas to convey index bits, receive SM (RSM) or precoding SM (PSM) is addressed to carry index bits by the indices of receive antennas [11] , [12] . Through the pre-coding technique, RSM or PSM achieves better performance than the conventional SM. Similar to SM, PSM (or RSM) has a relatively low SE. To further enhance the SE of PSM, several works are presented [13] , [14] . In [13] , generalized PSM (GPSM) is proposed to activate multiple receive antennas in PSM systems. In [14] , generalized pre-coding quadrature SM (GPQSM) is proposed to expand the conventional GPSM in-phase and quadrature domains, which increases the SE of GPSM.
The single-carrier IM (SC-IM) scheme is proposed to incorporate IM concept into the time domain [15] , [16] . In order to increase the diversity order of SM, the IM concept is extended into the space-time domain [17] , [18] . In [17] , space-time shift keying (STSK) is proposed to enhance the diversity order of space shift keying (SSK). Note that SSK in [19] is a more simplified and efficient scheme of SM, which only utilizes the index of the active antenna for transmission. To further increase the diversity order of SM more flexibly, space-time block coded SM (STBC-SM) is then proposed to incorporate the SM concept into the space time block coding (STBC) technique. Moreover, as another novel scheme that merges SM into the space-time domain, differential spatial modulation (DSM) is proposed to dispense with the channel state information at the receiver by transmitting index bits through antenna activation patterns across several time slots.
On the other hand, IM concept is applied into the frequency domain recently to generate a novel scheme, named orthogonal frequency division multiplexing with IM (OFDM-IM) [21] . In OFDM-IM, partial subcarriers are activated to convey modulated symbols and the index bits are transmitted via the indices of active subcarriers. Thanks to the IM concept, OFDM-IM achieves a better bit error rate (BER) performance than the conventional OFDM scheme. Due to this advantage, many works have been proposed to improve the SE or BER performance of OFDM-IM. For example, to enhance the BER performance of OFDM-IM, the interleaved subcarrier grouping technique is proposed in [22] and [23] . In order to increase the SE of OFDM-IM, OFDM with generalised IM (OFDM-GIM) is proposed to enlarge the length of index bits [24] . In [25] , OFDM with in-phase/quadrature IM (OFDM-I/Q-IM) is proposed to split the modulated symbol into in-phase and quadrature domains, which doubles the index bits of the conventional OFDM-IM scheme. To further increase the SE of OFDM-I/Q-IM, an enhanced OFDM-IM scheme is proposed in [26] , which jointly encodes the in-phase and quadrature parts and probably obtains one more IM bit than OFDM-I/Q-IM. The MIMO technique is also combined into the OFDM-IM scheme to comprise a new scheme, called MIMO-OFDM-IM, which linearly increases the length of index bits in [27] and [28] . Note that all above literatures only utilize the active subcarriers to convey the information and the inactive subcarriers keep unused. To fully exploit the resource of all subcarriers, dual-mode IM aided OFDM (DM-OFDM-IM) is proposed to carry additional modulation bits by remaining inactive subcarriers [29] . In addition, Wen et al. [30] propose the multiple-mode OFDM-IM (MM-OFDM-IM) scheme to transmit the index bits through the permutations of all subcarriers and the corresponding modulated symbols are carried by all active subcarriers. The diversity enhancement schemes of MM-OFDM-IM are further proposed in [31] and [32] . In [33] , the generalized scheme of MM-OFDM-IM is investigated to exploit the advantages on SE and diversity.
Recently, code IM (CIM) is proposed to extend the IM concept into the code domain. Unlike the conventional (MM-) OFDM-IM, which utilizes the indices or permutation pattern of active subcarriers, CIM utilizes the indices of spreading codes to transmit index bits [34] . Specifically, CIM in [34] is proposed to convey one additional bit (index bit) by selecting one among two spreading codes. To increase the SE of CIM, generalised CIM (GCIM) is further proposed to allow multiple spreading codes to be selected in [35] . Additionally, Xu et al. [36] apply the CIM concept into the differential chaos shift keying (DCSK) scheme to achieves the better BER performance than that of the conventional DCSK scheme. To achieve a higher SE, a code index modulated multilevel code shifted DCSK (CIM-MCS-DCSK) scheme is proposed to merge the CIM technique into multilevel code shifted differential chaos shift keying (MCS-DCSK) systems [37] . It is worth noting that the above-mentioned works related to CIM only consider single carrier and single user framework. Interestingly, a new CIM scheme, named index modulated OFDM spread spectrum (OFDM-IM-SS), is proposed in [38] , which conveys the index bits via the indices of active spreading codes over OFDM signals. In OFDM-IM-SS, the index bits are used to select multiple spreading codes among a set of spreading codes, where the set of spreading codes are preset before transmission. Note that different sets of spreading codes lead to different BER performance, which will be verified in this paper. Benefitting from the spreading codes, OFDM-IM-SS improves the diversity order of OFDM-IM and obtains a better BER performance. To improve the diversity order of OFDM-IM-SS, Luong and Ko [39] incorporate the pre-coding technique into the OFDM-IM-SS scheme.
Motivated by OFDM-IM-SS and OFDM-I/Q-IM, we propose a novel CIM scheme, termed index modulated OFDM with in-phase/quadrature spread spectrum (OFDM-IM-SS-IQ), to increase the SE of the conventional OFDM-IM-SS. In OFDM-IM-SS-IQ, the modulated symbols are split into the in-phase and quadrature parts and index bits are used to select the spreading codes to separately transmit the in-phase and quadrature parts of modulated symbols. For simplification, a low-complexity detection is then proposed. We further analyze the union bound on the BER of OFDM-IM-SS-IQ and derive its diversity order. Furthermore, in order to enhance the diversity order of OFDM-IM-SS, a diversity-enhancement scheme, named index modulated OFDM spread spectrum enhancement (OFDM-IM-SS-E), is designed to achieve a full diversity order by properly choosing certain spreading codes. Simulation results are presented, which show that the OFDM-IM-SS-IQ obtains a better BER performance than the conventional OFDM-IM-SS. It can also be seen that OFDM-IM-SS-E achieves a higher diversity order than OFDM-IM-SS by reducing the length of index bits, which can be considered as a trade-off between the SE and diversity. Notations: Upper and lower case boldface letters denote matrices and column vectors, respectively. The complex number field is represented by C. (·) T and (·) H represent the transpose and Hermitian transpose operations, respectively. I M is an identity matrix of sizes M × M . || · || and C(·, ·) denote the Frobenius norm and binomial operations, respectively. Q(·) and rank{·} represent the Gaussian Q-function [40] and the rank of the argument, respectively. diag{x} denotes a diagonal matrix whose diagonal elements are drawn from x. X ∼ CN (0, δ 2 ) represents the distribution of a circularly symmetric complex Gaussian random variable X with variance δ 2 . The probability of an event is denoted by Pr(·).
II. SYSTEM MODEL A. OFDM-IM-SS REVISITED
The schematic of OFDM-IM-SS is depicted in Fig. 1 [38] and the overall system notations are given in Table 1 . The total N OFDM subcarriers are divided into g groups, where each group consists of n subcarriers with n = N /g. m SS information bits are also split into g groups each containing p SS = m SS /g bits for transmission. For each group, p SS bits with n subcarriers are further split into p SS 1 and p SS 2 bits for the index mapping and M -ary modulation, respectively. For brevity, we take the α-th group as an example with α = 1, . . . , g. In the α-th group, the incoming p SS bits are divided into p SS 1 (modulation bits) and p SS 2 (index bits) bits. The first
where S represents an M -ary quadrature amplitude modulation (QAM) constellation. The remaining p SS 2 bits are used to select k out of totally n spreading codes from a preset spread matrix, where two n × n orthogonal matrices, named as Walsh-Hadamard matrix [41] and Zadoff-Chu matrix [42] , are utilized in this paper. Note that Walsh-Hadamard matrix is denoted as
where w τ with 1 ≤ τ ≤ n represents the τ -th column of the n×n Hadamard matrix. For example, a 4×4 Walsh-Hadamard matrix is given by
For Zadoff-Chu matrix, we have Z n = {z 1 , . . . , z n }. Since the value of n is a power of two, the construction of the first column of Zadoff-Chu matrix is given as
where is an arbitrary integer relatively prime to n. The other columns {z 2 , . . . , z n } are generated by circularly shifting z 1 .
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given by
where a = (
2)/2. According to W n or Z n , there are log 2 n k possible combinations of spreading codes for transmission. In order to ensure the modulation of index bits, only β = 2 log 2 ( n k ) combinations are allowed to be used such that p SS 2 = log 2 n k . The indices of selected spreading codes are denoted as
where i SS α,ς ∈ {1, . . . , n} with 1 ≤ ς ≤ k. Finally, the signal vector is then generated by spreading modulated symbols s SS α across n subcarriers (e.g., WalshHadamard matrix)
After obtaining x SS α for all α, we have the N × 1 OFDM block in frequency-domain as follows:
The following process is the same as the conventional OFDM scheme. Applying the N -point inverse fast Fourier transform (IFFT) to the OFDM symbol vector x SS F , we obtain the timedomain OFDM symbol vector
Then, after appending the cyclic prefix (CP) to the beginning of x SS T and parallel to serial (P/S) conversion, the OFDM signal is transmitted. The SE of OFDM-IM-SS without considering the CP is
B. PROPOSED OFDM-IM-SS-IQ
In this section, to increase the SE of OFDM-IM-SS, we propose a novel scheme, named as OFDM-IM-SS-IQ, which extends the modulated symbols into in-phase and quadrature domains.
The system model of OFDM-IM-SS-IQ is depicted in Fig. 2 . In OFDM-IM-SS-IQ, N subcarriers and m information bits in an OFDM block are divided into g groups, where each group contains n = N /g subcarriers and p = m/g information bits. Due to the independence of all groups, we simply take the α-th group for analysis. The p bits are divided into p 1 , p 2 and p 3 bits. The first part of p 1 = k log 2 (M ) bits is used to determine k symbols s α = {s α (ς )} k ς=1 , where
It should be noted that S I and S Q represent the real and imaginary parts of S, respectively. The second part of bits is then used to select k out of n spreading codes from Walsh-Hadamard matrix W n to convey
for in-phase parts, which leads to the indices of spreading codes
bits is used to select another k out of n spreading codes from W n to convey {s
for quadrature parts, which results in the indices of spreading codes
Then, the signal vector for the α-th group is generated by combining the in-phase and quadrature parts through their corresponding spreading codes:
where
and
After obtaining x α for all α, the N ×1 OFDM signal vector in frequency-domain can be expressed by
Similarly, the conventional OFDM processing is performed. N -piont IFFT is applied to x F and the time-domain OFDM symbol vector is given by
In the end, the OFDM symbol vector is transmitted via appending the CP to the beginning of x T and P/S conversion. At the receiver, the frequency-domain signal is obtained by removing CP and applying FFT:
where 
Compared to the SE of OFDM-IM-SS, OFDM-IM-SS-IQ obtains the additional SE of log 2 n k /n. According to (14) , the optimal ML detection is implemented by considering all possible combinations of spreading codes and modulated symbols, which can be represented by
From (16), we can see that the computational complexity of the optimal ML detection is exponentially increased with k, n and M . The optimal ML detection is impractical with a large number of k, n or M . Therefore, in the following, we propose a low-complexity detection to separately estimate the spreading codes and modulated symbols. Since all g groups are independent among each other, the detection of the indices of spreading codes and modulated symbols can be further implemented group by group:
where H α = diag{h α }, h α and y α are the sub-vectors of h and y corresponding to the α-th group, respectively. It should be noted that the classic OFDM with the same system configuration has a detection burden with the search complexity of order O(M n ). Compared to the classic OFDM, it can be seen that the computational complexity of OFDM-IM-SS-IQ using (17) is considerable less in terms of the search complexity of order O(β 2 M k ). However, the computational complexity of (17) is still very high with a larger number of n or M . To relief its detection burden, we rewrite (17) by separating the in-phase and quadrature parts of the modulated symbols through the fading channels:
In-phase part,
, it is seen that the optimal ML detection is split into in-phase and quadrature parts. Fortunately, in-phase and quadrature parts are independent with each other, which makes us only consider the detection of the in-phase or quadrature part so as to largely reduce the computational complexity. In this paper, we now consider the detection for the in-phase part:
which results in the search complexity of order O(β(M I ) k ), where M I represents the cardinality of S I . It can be seen that compared to (17) , the computational complexity of (19) is greatly reduced. In addition, with respect toȳ I α in (19) , the maximal ratio combining (MRC is applicable to further reduce the computational complexity (19) with k = 1 by separately estimating the index of the spreading code and the modulated symbol. To be specific, we define a distance metric i I α,1
Then, the selected spreading code is estimated bŷ
After obtainingî I α,1 , the modulated symbol can be thus estimated viaŝ
From (20) and (22), we can see that the MRC method achieves the search complexity of order O(β + M I ), which is more practical for a large value of n with k = 1. Furthermore, due to the large minimum distance, the MRC is capable of achieving the near-ML BER performance, which will be verified in Section V.
III. PERFORMANCE ANALYSIS
In this section, we analytically derive the BER of OFDM-IM-SS-IQ for the detection in (19) in presence of perfect channel state information. From (10), it can be seen that p information bits for each group can be divided into two independent parts of p I = p 2 + k log 2 (M I ) and p Q = p 3 + k log 2 (M Q ), where M Q represents the cardinality of S Q (p 1 = k log 2 (M I ) + k log 2 (M Q )). Without loss of generality, we only analyze the BER for the in-phase part with p I bits.
According to (19) , the conditional pairwise error probability (PEP) on D is given by
wherex I α denotes the estimation of x I α and γ = 1/N 0 is the given SNR. In the light of Q-function approximation
the unconditional PEP can be calculated as
Therefore, an upper bound on BER is given by utilizing the union bounding technique
where N (x I α →x I α ) is the number of bits in error between x I α andx I α ). At high SNR ({q 1 , q 2 } 1), (26) can be approximated as (27) where λ with = 1, . . . , d are the non-zero eigenvalues of KA and d = rank{A}. It can be seen that the diversity order of OFDM-IM-SS-IQ is the same as that of OFDM-IM-SS [38] , which is given by d min = min rank{A} depended on the minimum Hamming distance between any two spreading codes among W n . Note that the minimum Hamming distance of W n is n/2, which leads to the diversity order of both OFDM-IM-SS and OFDM-IM-SS-IQ as n/2. Interestingly, the diversity order of OFDM-IM-SS-IQ is only related to W n (minimal Hamming distance) and independent of k and M (M I or M Q ).
In the same way, an upper bound on BER for the quadrature part with p Q bits can be expressed as
After obtaining P I e and P Q e , the upper bound on BER for the proposed OFDM-IM-SS-IQ scheme is finally given by averaging in-phase and quadrature parts:
IV. A DIVERSITY-ENHANCING SCHEME
It can be seen from Section III that the diversity order of OFDM-IM-SS is accordingly determined by the minimum Hamming distance of the candidate codes (e.g., Walsh codes or Zadoff-Chu codes in this paper). Note that the maximum Hamming distance of Walsh codes is always n/2 while the maximum Hamming distance of Zadoff-Chu codes is up to n. Therefore, in order to increase the diversity of OFDM-IM-SS, we propose a novel OFDM-IM-SS scheme, named OFDM-IM-SS-E, which selects the spreading codes from a n × sub-matrixZ n of Zadoff-Chu matrix Z n . It is worth noting that should be less than n and greater than k.
To guarantee the successful diversity enhancement, we aim to construct the sub-matrixZ n , where any two spreading codes fromZ n have the minimum Hamming distance of greater than n/2.
Taking n = 4 as an example, we build a 4 × 2 sub-matrix as follows [43] :
where Z 4 {µ, ν} with {µ, ν} ∈ {1, 2, 3, 4} denotes the submatrix containing the µ-th and ν-th columns in Z 4 . It can be seen from (31) that the minimum Hamming distance of any two spreading codes from Z 4 {µ, ν} approaches n = 4, which leads to a full diversity order (d min = 4).
Taking n = 8 as another example, the 8 × 8 Zadoff-Chu matrix is given by 
where c = e −jπ/8 = 0.9239 − j0.3827. It can be seen that the minimum Hamming distance of Z 8 is 4 (n/2 = 4). To enhance the diversity order with n = 8, we may select a submatrixZ 8 , which has a larger minimum Hamming distance than 4. For example, in order to achieve the minimum Hamming distance of 6, we can select 4 out of total 8 spreading codes ( = 4) to form the sub-matrixZ 8 . Note that there are several combinations to select 4 out of total 8 spreading codes from Z 8 (only partial sub-matrices are shown in the following):
Moreover, we also can select 2 out of 8 spreading codes ( = 2) to build a new sub-matrixZ 8 , which has the minimum Hamming distance of 8 (full diversity order) and can be expressed bȳ
From above-mentioned examples, we found that the diversity order of OFDM-IM-SS-E is indeed increased by properly selecting the spreading codes from the original Zadoff-Chu matrix. It is worth noting that more than one sub-matrix exists VOLUME 6, 2018 8 results in the same diversity order for OFDM-IM-SS-E. Therefore, for simplicity, we select the first sub-matrix for OFDM-IM-SS-IQ-E. However, this benefit of OFDM-IM-SS-E is obtained from sacrificing the SE of the conventional OFDM-IM-SS, which can be verified by the following examples.
Assuming that the modulation order (M -ary) and the number of modulation symbols (k) are the same for both OFDM-IM-SS-E and OFDM-IM-SS. Thus, we ignore the length of modulation bits and only consider the length of index bits for a fair comparison. In the case of n = 4 and k = 1, In summary, we could say that OFDM-IM-SS-E provides a trade-off between the SE and the diversity through selecting the distinguishable codes. The specific comparison between OFDM-IM-SS-E and OFDM-IM-SS is listed in Table 2 .
V. SIMULATION RESULTS
In this section, we perform computer simulations to evaluate the BER performance of OFDM-IM-SS-IQ and OFDM-IM-SS-E schemes under the assumption of Rayleigh fading channels and perfect channel estimation. For simplicity, we define ''OFDM-IM-SS-IQ, (n, k, M ), PSK/QAM'' as the OFDM-IM-SS-IQ scheme with k active spreading codes, n subcarriers and the M -ary PSK/QAM constellation, ''OFDM-IM-SS, (n, k, M ), PSK/QAM'' as the OFDM-IM-SS scheme with k active spreading codes, n subcarriers and the M -ary PSK/QAM constellation, ''OFDM-IM-SS-E, (n, k, , M ), PSK/QAM'' as the OFDM-IM-SS-E scheme with k active spreading codes from selected spreading codes, n subcarriers and the M -ary PSK/QAM constellation, In Fig. 3 , we first compare the BER performance between OFDM-IM-SS-IQ and OFDM-IM-SS with different configurations. From Fig. 3 , we can see that ''OFDM-IM-SS-IQ, (4, 1, 4) , QAM'' with 1.5bps/Hz obtains a slight performance gain than ''OFDM-IM-SS, (4, 1, 16) , QAM'' with 1.5bps/Hz at both low and high SNR region. To see the significant advantage of OFDM-IM-SS-IQ, we then compare the BER performance between ''OFDM-IM-SS-IQ, (8, 2, 4) , QAM'' and ''OFDM-IM-SS, (8, 2, 16) , QAM'' both with SE of 1.5bps/Hz. Fig. 3 also reveals that both OFDM-IM-SS and OFDM-IM-SS-IQ obtain the better BER performance than the classic OFDM due to their larger diversity orders. At BER=10 −4 , it can be seen that ''OFDM-IM-SS-IQ, (8, 2, 4) , QAM'' achieves almost 1.5dB performance gain than ''OFDM-IM-SS, (8, 2, 16) , QAM'', where the larger performance gain is obtained from the a large number of index bits. It can be concluded that the proposed OFDM-IM-SS-IQ scheme outperforms the conventional OFDM-IM-SS, especially for a larger number of index bits. It can also be seen that the theoretical curves match the simulation results very well for all configurations in the high SNR region, which validates our analysis in Section III. In addition, we can also see that the diversity orders of ''OFDM-IM-SS-IQ, (4, 1, 4), QAM'' and ''OFDM-IM-SS, (4, 1, 16) , QAM'' are the same. Obviously, the diversity orders of ''OFDM-IM-SS-IQ, (8, 2, 4) , QAM'' and ''OFDM-IM-SS, (8, 2, 16) , QAM'' are still the same, which validates our theoretical analysis related to the diversity order of n/2. Moreover, ''OFDM-IM-SS-IQ, (8, 2, 4), QAM'' (or ''OFDM-IM-SS, (8, 2, 16 ), QAM'') To be more specific, the BER performance by the MRC detection is almost the same as that of the optimal ML detection at entire SNR region for ''OFDM-IM-SS-IQ, (4, 1, 4), QAM''. The similar situation also occurs for ''OFDM-IM-SS-IQ, (4, 1, 16) , QAM'' and ''OFDM-IM-SS-IQ, (8, 1, 4) , QAM'' that the MRC detection still approaches the optimal ML detection with the negligible performance loss. It is worth noting that almost no performance loss of the MRC detection stems from the real-valued diagonal matrix D, which makes the transmitted signal for in-phase or quadrature part go through a purely real-valued channel. Besides, it can also be proved from Fig. 4 that the diversity order of OFDM-IM-SS-IQ only depends on n (n/2), where ''OFDM-IM-SS-IQ, (4, 1, 4), QAM'' and ''OFDM-IM-SS-IQ, (4, 1, 16), QAM'' obtains the same diversity order of 2 (n/2 = 2), and ''OFDM-IM-SS-IQ, (8, 1, 4) , QAM'' achieves a lager diversity order of 4.
To further evaluate the diversity-enhancing scheme, we compare the BER performance of ''OFDM-IM-SS, ( does not obtain the full diversity order by selecting 4 spreading coeds (seeZ 8 ). If the more loss of index bits is allowed here, we may perform the BER performance of ''OFDM-IM-SS-E, (8, 2, 2, 4), PSK'' or ''OFDM-IM-SS-E, (8, 1, 2, 4), PSK'' to obtain a full diversity order of n = 8 (see Table 2 ). From the above mentioned, we can sum up the fact that sacrificing the index bits exactly increases the diversity order of OFDM-IM-SS.
VI. CONCLUSIONS
In this paper, we have proposed the OFDM-IM-SS-IQ scheme, which extends the modulated symbols into in-phase and quadrature domains, to increase the SE of the conventional OFDM-IM-SS scheme. Different from OFDM-IM-SS, OFMD-IM-SS-IQ first splits the modulated symbols into real and imaginary parts before transmission, which doubles the length of index bits in OFDM-IM-SS. A low complexity detection for OFDM-IM-SS-IQ has been proposed to reduce the receiver's burden in the optimal ML detection. It should be noted that the low complexity detection (MRC) achieves the almost the same BER performance as the ML detection with a single active spreading code. In addition, the theoretical analysis has also been derived to evaluate the BER performance of OFDM-IM-SS-IQ. To enhance the diversity of the conventional OFDM-IM-SS, we have further proposed a new scheme, termed OFDM-IM-SS-E, to achieve a full diversity order at the cost of SE. Computer simulation VOLUME 6, 2018 results have revealed that OFDM-IM-SS-IQ significantly outperforms the conventional OFDM-IM-SS scheme in the entire SNR region. They have also shown that that OFDM-IM-SS-E indeed increases the diversity order of OFDM-IM-SS by appropriately selecting the spreading codes. Besides, the secrecy concept assistant with relays has gain much attention [44] , [45] . The potential combination of secrecy and OFDM-IM-SS in relay networks will be our future work. 
